A total of nine gerJ mutants have now been isolated in Bacillus subtilis. All are defective in their spore germination properties, being blocked at an intermediate (phase grey) stage. The dormant spores are sensitive to heating at 90°C and two of the mutants (generated by transposon insertion) produce spores sensitive at 80 "C. The spores of these two more extreme mutants had a visibly defective cortex when studied by electron microscopy, as did some of the other mutants. During sporulation, the acquisition of spore resistance properties and the appearance of the sporulation-specific penicillin-binding protein PBPS* were delayed. A strain probably carrying a lac2 fusion to the gerJ promoter demonstrated increased expression between t2 and t4. We propose that the gerJ locus is involved in the control of one or more sporulation-specific genes.
A total of nine gerJ mutants have now been isolated in Bacillus subtilis. All are defective in their spore germination properties, being blocked at an intermediate (phase grey) stage. The dormant spores are sensitive to heating at 90°C and two of the mutants (generated by transposon insertion) produce spores sensitive at 80 "C. The spores of these two more extreme mutants had a visibly defective cortex when studied by electron microscopy, as did some of the other mutants. During sporulation, the acquisition of spore resistance properties and the appearance of the sporulation-specific penicillin-binding protein PBPS* were delayed. A strain probably carrying a lac2 fusion to the gerJ promoter demonstrated increased expression between t2 and t4. We propose that the gerJ locus is involved in the control of one or more sporulation-specific genes.
I N T R O D U C T I O N
The mechanism by which bacterial spores become, and remain, resistant to heat is still unknown. Several authcrs have proposed that the spore specific compound dipicolinic acid (DPA) plays a role in stabilizing spore enzymes and/or DNA (for review see Murrell, 1981) . Mutants of Bacillus cereus that lack DPA (Wise et al., 1967) produce heat sensitive spores; however, revertants producing heat resistant spores have no detectable DPA (Hansen et al., 1972; Zytkowicz & Halvorson, 1972) . Since spores of these revertants rapidly lose their heat resistance on storage and are germination defective, these authors proposed that DPA plays a role in the stabilization of the spore and in spore germination. Balassa et al. (1979) found that DPA-less mutants of Bacillus subtilis produced spores which only acquired heat resistance when exogenous DPA was supplied.
An alternative hypothesis suggests a role for the spore cortex and is supported by experiments with mutants of Bacillus sphaericus unable to synthesize diaminopimelic acid (DAP; Imae & Strominger, 1976) . These DAP-less mutants produce heat sensitive spores unless sufficient DAP (used for cortical synthesis) is present during sporulation. A role for both DPA and cortex in heat resistance has also been proposed in which DPA precipitates with Ca2+ ions in the core. This produces osmotic changes that result in core dehydration; the cortex then contracts (Gould & Dring, 1975) or expands (Lewis et al., 1960) to maintain the core in this state.
The examination of additional mutants affected in spore heat resistance may help to elucidate the mechanism of resistance. Strains harbouring the gerJ.50 mutation produce spores that appear normal in thin section, have normal DPA levels (Warburg, 1981a) , but are more sensitive to heating at 90 "C (Warburg & Moir, 1981) than are spores from wild-type strains. In this paper, we describe the isolation of more mutants with defects in the gerJ region, and their sporulation, spore and germination phenotypes. No evidence for abnormal DPA content was obtained and the data would suggest that these mutants have defective cortices. 1418  1488  1506  1604  1610  4750  4756  4772  4783  4945  5022  5097  5098  5109  51 10  5137  5140  5152  5164  5168  5170  5173  5174  5175  5176  5177  5178  1A132  NTG4  NTG14  NTG18 
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M E T H O D S
Bacterial strains. All strains were derived from B. subtilis 168 (Table 1) . Media. Difco Penassay broth (PAB), Difco sporulation medium (DSM), DSM x 2 (Mahler et al., 1984) , Luria broth (LB; 5 g NaC1,5 g Difco yeast extract, 10 g Difco tryptone and 1 g glucose per litre) and minimal salts (MS; Mahler et al., 1984) were used as liquid growth media. PAB containing 10mM each of L-alanine, D-glucose, D-fructose and KCl was termed VSPAB. Agar plates contained 1.5% (w/v) Difco Bacto agar. Difco tryptose blood agar base containing 1 % (w/v) Difco Bacto agar and 2,3,5-triphenyltetrazolium chloride (TZM; 50 pg ml-l) was termed STBB and used as an overlay. Amino acids were supplemented at 20 yg ml-l and glucose at 5 mg ml-l. After induction with erythromycin at 0.15 yg ml-' (Youngman et al., 1983) MLSR colonies (resistant to macrolides, lincosamides and streptogramin B antibiotics) were selected on LB containing erythromycin (1 pg ml-l) and lincomycin (25 pg ml-I).
Chemicals. Erythromycin, lincomycin, o-nitrophenyl fi-D-galactoside (ONPG), lysozyme and amino acids were purchased from Sigma. X-gal(5-bromo-4-chloro-3-indolyl fi-D-galactopyranoside) and other assay reagents were purchased from Boehringer Mannheim. N-Acetyl-~-[ l-14C]glucosamine (NAG ; 60 mCi mmol-l) was obtained from Amersham, and [ 3H]benzylpenicillin (ethyl-piperidine salt; 25 Ci mmol-l ) from Merck, Sharp and Dohme Laboratories. Nutrient and other media were obtained from Fisher Scientific.
Transformation and DNA extraction. The methods of Bott & Wilson (1968) and Marmur (1961) were used. Transduction. Phage PBSl was used as described by Moir et al. (1979) and phage SPPl as described by Warburg & Moir (1981) .
Germination studies. These experiments were as described by Warburg & Moir (1981) . Germinants were either L-alanine (Ala; up to 10 mM), a mixture of D-glucose (10 mM), D-fructose (10 mM), KC1 (10 mM) and L-asparagine (30 mM) (AGFK), or PAB. All but PAB (which was prepared in distilled water) were used in 10 mM-Tris/HCl, pH 8.4, at 20 "C. The germination phenotype of stab inocula of mutants was determined by the TZM overlay method of Moir et al. (1979) . Wild-type gave TZM red colonies, whereas the mutant colonies were white.
Mutanr isolation. (a) Strain 494.5 (gerJ.52 trpC2). This strain was isolated by Dr D. Walton (Birmingham University, UK) after mutagenesis of strain 1604 with UV light (0.1 %survival). The strain was isolated as a TZM white colony after screening spores for temperature sensitivity to the germinant Ala, although subsequent testing revealed no evidence of such sensitivity. (b) Strain 4772 (gerJ69 trpC2). The isolation of this strain has been described by Taylor (1982) . Strain 1604 was mutagenized with ICR191 and spores prepared from the surviving cells. Enrichment for mutants was achieved by incubation of the spores in VSPAB and heat-killing those spores able to germinate. Strain 4772 produced TZM white colonies.
(c) Strains NTG4, 14 and 18: localized mutagenesis. Chromosomal DNA from strain 51 10 was prepared after nitrosoguanidine mutagenesis of the cells (50% survival) as described by Schleif & Wensink (1981) . A saturating concentration of this DNA was used to transform strain 5098 (aroC7 trpC2) to Aro+, and the resulting colonies were screened for TZM whites. In one cross, 19 out of 1000 colonies were TZM white. Of these 19 only two showed linkage to aroC when retested; these were termed NTG14 and 18. NTG4 was derived from a separate experiment using the same method as above but with a different preparation of mutagenized DNA; NTG4 was a TZM white linked to aroC7. Strains 5174, 5175 and 5176 were obtained by transformation of strain 5098 with DNA from NTG4, 14 and 18 respectively, followed by selection of aroC+ and screening for TZM white colonies. These transformants were used in subsequent experiments, because they were less likely than the original mutagenized cells to contain multiple mutations.
(d) Strains 51 77 and 51 78. Strain 5098 was transformed with chromosomal DNA from the transposon library described by Sandman et al. (1984) , selecting MLSR. The resulting colonies were grown to produce spores and the spores were washed ten times in distilled water. A sample (lo9 spores) was mixed with 10 ml PAB at 37 "C for 30 min (by which time 99% had become phase dark) and then heated at 70 "C for 30 min. After washing again in PAB this process was repeated two more times and the survivors plated on DSM glass plates. There were 3 x lo3 survivors, 10% of which were TZM white. After purification of seven of these colonies, their germination phenotype was studied. Two strains (51 77 and 5 178) gave grey spores upon incubation in PAB for 30 min. They were isolated from the same experiment and therefore may carry the same mutation.
The isolation of the six gerJ mutations gerJ.50, 51, 52, 56, 57 and 69 was fortuitous. In each case the selection protocol should have ensured that no gerJ mutant spores could survive since gerJ spores germinate in the germinants used and become heat sensitive (see below). Strains NTG4, 14 and 18 were isolated by looking for Ger-mutants in the aroC region. In the same experiments no Spo-or auxotrophic mutants were isolated in this area, although several such loci do exist (Mahler et al., 1984) .
Sporepreparation. A sample (1 ml) of an exponential phase DSM culture (about lo8 cells ml-l) was spread on a DSM plate and incubated for 20 to 24 h at 37 "C. The resulting spores were scraped off the plate, and washed either two times or, in the case of germination experiments, ten times in distilled water. For liquid cultures, an early exponential phase culture grown at 25 "C in DSM x 2 was used to inoculate DSM x 2 at 37 "C to give an OD580 of 0.1. When the OD580 of the culture reached 0.6, the cells were harvested, washed and resuspended in an equal volume of resuspension medium (Sterlini & Mandelstam, 1969) . This was termed time to and 1 h intervals thereafter were termed tl , t Z , etc. Spores were formed by t8 to t9, but incubation was continued for 20 h before the spores were washed as above. Spore suspensions were stored at 4 "C at a density of 5 x lo8 spores ml-l (OD580 = 3.0). Sporulation and germination were followed using phase contrast microscopy at 1000 x magnification.
Spore resistances. These were measured on at least three independently prepared spore suspensions. A 1 ml sample of a spore suspension or sporulating culture was diluted in MS to about lo6 spores ml-l, mixed well with 0.25 ml chloroform, toluene, xylene or octanol and then incubated for 30 min at 20 "C. Heat resistance was measured at 70 "C, 80 "C or 90 "C by addition of 10 p1 of a spore suspension to 1 ml MS at the appropriate temperature. Samples were taken at intervals, diluted and plated for viability on DSM. Lysozyme resistance was determined by mixing 100 pl of a spore suspension with lysozyme (10 mg ml-l) in saline (0.085%) at 37 "C for 30 min, and observing any change in ODsg0 or microscopic appearance.
Enzyme and chemical assays. Assays for sporulating specific events followed the procedures of Cheng & Aronson (1977) (intracellular protease), Dancer & Mandelstam (1 975) (extracellular protease and alkaline phosphatase) and Scott & Ellar (1978) (DPA). P-Calactosidase was assayed according to Miller (1972) , using ONPG as the chromogenic substrate. A 0.5 ml volume of sporulating cells, in resuspension medium (Sterlini & Mandelstam, 1969) , was mixed with 0.5 ml Z buffer, which contains b-mercaptoethanol (Miller, 1972) to break the cells open, and then ONPG was added. Protein content was assayed using Bio-Rad protein reagent according to manufacturer's instructions. One unit of P-galactosidase is the amount of enzyme that will hydrolyse 1 nmol ONPG min-' at 37 "C. Vegetatively growing cells were assayed in a similar fashion. To assay penicillin-binding proteins (PBPs), cells that were sporulating in resuspension medium at 37 "C were harvested at various times and frozen. The PBPs were detected in membranes from the sonically disrupted cells by incubating the samples with [ 3H]benzylpenicillin (Sowell & Buchanan, 1983) , followed by separation of the membrane proteins on an SDSpolyacrylamide gel, and fluorography (Bonner & Laskey, 1974; Buchanan & Strominger, 1976) . The DPA content of spores was measured after heating the spores at 120 "C for 15 min in distilled water. The release of hexosamine-I containing fragments was measured by addition of 5 nCi (185 Bq) [ 14C]NAG to the resuspension medium at t 3 ; 80% of the label was taken up within 10 min after addition. After sporulation was completed (t9), the spores were washed ten times in distilled water and germination experiments were done. The germination properties of the spores (i.e. fall in optical density and changes in appearance under the phase-contrast microscope) were unaltered by the presence of radioactivity. The release of radioactivity into the supernatant was measured in aqueous scintillant ; it followed, almost exactly, the release of hexosamine-containing fragments determined chemically (Warburg & Moir, 1981) . Total elements were determined by atomic absorption by the Soil and Environmental Chemistry Laboratory, Pennsylvania State University, Pa., USA. Spore samples were dried onto membrane filters (MicronSep, Magna Nylon 66,0.22 pm) at 100 "C to determine their dry weight (4-10 mg). After treatment with sulphuric and nitric acid, metal ion concentrations were determined by inductively coupled plasma atomic absorption. Blank filters were used to measure background levels. Assays were done on three independently prepared spore suspensions.
Electron microscopy. This was as described by Warburg & Moir (1981) , using either potassium permanganate or osmium tetroxide and glutaraldehyde, with lead staining.
Renografingradients. Gradients (40-50%, 5040% and 70-80%, in 2% steps) were prepared with Renografin 76 (Squibb; dilutions refer to percent of the manufacturer's 70% solution). Spores in aqueous suspension were loaded onto the gradients and centrifuged at 10000 r.p.m. for 30 min in a Sorvall SS34 rotor at 20 "C. Samples were removed from gradients with a pipette and washed in distilled water so that the appearance of the spores in each band could be studied under the phase contrast microscope. The spore densities were determined by their position in the step gradients (the steps were easily discernible after centrifugation). Mixtures of mutant and wild-type spores were also centrifuged together to determine any differences between them. lac2 fusions. A Bacillus ribosome-binding site (rbs) and the P-galactosidase gene (facZ) of Escherichia cofi are readily fused to promoters of genes containing transposon inserts using plasmid pTV55 (Youngman et al., 1985) . This plasmid encodes resistance to tetracycline (Tc) and has transposon sequences interrupted by rbs, IacZ and a complete chloramphenicol resistance gene. Thus when linearized or circular plasmid DNA is used to transform an MLSR transposon-containing strain and chloramphenicol resistance is selected, those colonies which are not TcS (i.e. have no circular plasmid DNA present) and MLSS have the facZ gene inserted into the transposon. To check for such a fusion, colonies were plated on DSM containing X-gal(4 mg per 20 ml plate in dimethyl formamide) and grown at 37 "C for 15 h. If the promoter of the gene into which the transposon was inserted was upstream of the fucZ gene, then lac2 expression came under its control. Blue colonies indicated that a fusion had occurred.
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Map location
The cotransformation of each ger mutation with aroC7, trpC2 and ser-22 was determined ( Table 2 ). The cotransformation percentages of gerJ.50 and each auxotrophic marker compare well with those previously reported (Warburg & Moir, 1981) .
The results obtained from three-point crosses using phage PBSl were similar for all of the mutations, placing them on the side of aroC nearest to trpC (data not presented). The two-point analysis suggests that gerJ69 may be closer to ser-22 than the other mutations (although its linkage to aroC7 was similar to that of the other gerJ mutations). Recombination indices could not be determined since none of the strains became sufficiently competent. Note that the linkages of gerJ.56 : : Tn917 and gerJ.57 : : Tn917 were determined by scoring percentage cotransformation of MLSR (which was 100% cotransformed with the germination deficiency). Since these mutations are caused by an insertion of about 7 kb, the observed lower linkage to ser may not be significantly different from that with the other gerJ mutations (which are presumably point mutations). From the data we cannot be certain that all the mutations are within one locus, but only that they are closely linked.
Germination properties These properties have been described fully for strain 4750 (gerJ.50) by Warburg & Moir (1981) . Spores prepared on DSM plates or in resuspension medium were similar. Like thegerJ.50 strain, each of the other gerJ strains gave rise to spores able to germinate in Ala, AGFK or PAB, but the spores only became phase grey, unlike wild-type spores which became phase dark. Also, there was only a partial fall in the optical density of spore suspensions compared with those of wild-type spores. As with strain 4750 (gerJ.50) the spores were fully sensitive to heat and organic chemicals at this point and had released their DPA. Further, the release of hexosamine- containing fragments, as determined radiochemically, was incomplete (data not shown). We did not determine that the NAG was incorporated into the spore cortex, but since little other cell wall synthesis is occurring at this time it seemed that this was likely. The results of these experiments closely paralleled the results obtained from direct chemical measurements of hexosamine release (Warburg & Moir, 1981) .
Heat resistance of spores Spores of strain 4750 (gerJ.50) have been found to be extremely sensitive to heating at 90 "C, but not at 80 "C (Warburg & Moir, 1981) . The same result was obtained with the other GerJspores prepared on either DSM or in liquid resuspension medium, each having D values (heating time necessary for 90% inactivation) that are less than wild-type values (Table 3) . However, spores of strains 5177 (gerJ56) and 5178 (gerJ57) were sensitive to heating not only at 90 "C but also at 80 "C (Fig. 1) . All of the mutant spores, like wild-type spores, were resistant to heating at 70 "C for upwards of 4 h. No lag in the loss of viability was seen (Fig. 1) . 
Sporula tion
When spores were prepared on DSM plates, all of thegerJmutants except strain 5170 (gerJ52) gave rise to phase bright spores. Spores of strain 5170 (gerJ52) were phase grey and when plated on DSM plates had a plating efficiency of approximately 5% (colonies formed on plates per 100 spores counted in a counting chamber), whereas that for wild-type and other gerJ spores was near 100%. However, these spores were fully resistant to organic chemicals and lysozyme, as were the other gerJ mutant spores. The reason for this poor plating efficiency is unknown.
Previously it was shown that thin sections of cells sporulating at 42 "C stained with osmium tetroxide and lead appeared identical for both strain 5109 (gerJ5U) and the wild-type strain 51 10 (samples taken at 30 min intervals for 9 h; Warburg, 1981 b). We obtained similar results at 37 "C; that is, the ultrastructure and time of appearance of membranes, cortex and coat were normal. In addition, the intracellular and extracellular proteases, alkaline phosphatase activity, and DPA levels were similar in the two strains (data not shown). However, the strains differed significantly in their times of acquisition of resistance to heat and organic chemicals. The mutant strain acquired resistance to heating at 70 "C 90 min or later than the wild-type strain, and resistance to organic chemicals up to 3 h later. We obtained similar results with all the other gerJ mutants, although the actual delay in different resistances varied (Table 4) . (By comparison, alkaline phosphatase activity appeared at t3 in each strain and levelled off at t7. ) The order of acquisition of resistances also differed among mutants; most became resistant to heat first and then xylene and chloroform. However, strains 5174 and 5176 (gerJ53 and 55) became resistant to xylene first.
Thin sections of spores Spores of wild-type and each gerJ mutant were prepared in resuspension medium or on DSM, and thin sections were studied with an electron microscope after fixation in KMn04. Wild-type spores showed an electron transparent cortex (Warburg 8z Moir, 1981) , whereas the mutant cortices showed either no defect [5109 (gerJSO), 5174 (gerJ53) and 5152 (gerJ5f)l or various degrees of greying. This was most apparent with strains 5177 (gerJ56) (Fig. 2) and 5178 (gerJ57) (not shown). No differences in coat structure, core or spore membranes could be discerned.
Renograjn gradients Mature spores prepared on DSM plates were washed in distilled water and their density on Renografin step gradients measured before and after incubation in PAB for 30 min at 37 "C Fig. 2 . Thin sections of DSM spores of strains (a) 5 177 (gerJ.56) and (b) 5098 (ger+). Bacteria were grown on DSM plates at 37 "C for 24 h, and spores were harvested and fixed after washing in KMnO,. After embedding in Spurr's resin (Spurr, 1969) , gold to silver-grey sections were cut and examined with a Phillips 301 electron microscope. Bars, 0.1 pm. (germinated spores). We found slight differences in the density of the gerJ dormant spores (1.264 g ~m -~) compared with that of wild-type (1.267 g ~m -~; see Table 5 ). However, the density of phase grey gerJ spores (1 a203 g ~m -~) was intermediate between those of dormant and phase dark spores (1.1 75 g ~m -~) . Those mutant spores which did eventually become phase dark had a density equivalent to that of phase dark wild-type germinated spores.
DPA and ionic content of spores
The levels of DPA and Ca2+ ions in gerJ mutants were not significantly different from those of wild-type spores. The molar ratio of Ca2+ ions to DPA also appeared normal compared with wild-type spores (about 2 for each spore preparation). Simultaneous measurements of Mn2+ and Mg2+ ions showed spore contents ranging from 0.05 % to 0.2% and 0.3 % to 0-6%, respectively.
No differences could be detected in these ions between wild-type and gerJ spores.
PBPs
Two new PBPs are synthesized at specific times, and the level of others is altered during sporulation (Sowell & Buchanan, 1983) . The major one of these, PBPS*, appeared almost 1 h t This includes strains 5152, 5164, 5168, 5170, 5174, 5176, 5177, 5178 and 5109. later in strain 5177 (gerJ56) than in the wild-type (Fig. 3) . In contrast, alkaline phosphatase activity increased at precisely the same time and to the same degree in both cultures (not shown). Identical results were obtained from three separate downshifts of each strain. In the less defective gerJ mutants (5170 and 5173) the delay in synthesis of PBPS* was less striking (not shown). The synthesis of all other PBPs was similar in both strains. 
R . J . W A R B U R G A N D O T H E R S ( a )
(
lacZ expression
Cultures of 5177 (gerJ.56) and 5178 (gerJ57), and the same strains after transformation with pTV55, were plated on DSM plates containing X-gal. After 17 h at 37 "C the parental strains were still white, whereas those with pTV55 were light blue (a control strain in which lac2 had been fused to a vegetative promoter was dark blue). The results from ONPG assays of sporulating cells in resuspension medium at 37 "C are shown in Fig. 4 . Strain 5177 and 5178 (controls) expressed /I-galactosidase at a low level during vegetative growth. The activity increased steadily during sporulation (Fig. 4) . In contrast, strains 5177 and 5178 after transformation with pTV55 showed an increase in expression of p-galactosidase during early stages of sporulation (tl-t3). Alkaline phosphatase activity in both strains was identical during sporulation, and was used as a sporulation time point marker. Phase bright spores appeared at f5. The timing of expression of P-galactosidase activity correlates well with the other sporulation phenotypes described above; however, until more fusions into the gerJ gene are obtained we cannot be certain that it is the gerJ promoter that is controlling this expression. p-Galactosidase activity was followed through vegetative growth in LB. It was observed that the level of pgalactosidase in all strains was directly proportional to the optical density of the culture and the cell number. The level of P-galactosidase activity in strains containing pTV55 was consistently twofold to threefold greater than in strains lacking pTV55.
DISCUSSION
Previous experiments on strains containing gerJ5O (Warburg & Moir, 198 1) suggested that these mutants may have a defective cortex, since: (i) only partial release of hexosaminecontaining fragments was observed during germination, and (ii) the mutant spores were heat sensitive. The results presented here demonstrate that several other mutations in the same region of the chromosome as gerJ.50 gave rise to similar defects. Some of these new mutants, in particular those caused by Tn917 insertions (i.e. gerJ.56 and gerJ.59, had a more defective phenotype in that they formed spores which were sensitive to heating at lower temperatures than spores of the gerJ.50 strains, and they had visibly defective cortices. Since the Tn917 insertions appeared to be in a location similar to that of the other gerJ mutations, the more extreme phenotype may reflect a complete inactivation of the gerJ product. However, until we are able to determine the recombination indices of the gerJ mutations we cannot be certain that they are all mutations in the same gene as gerJ.50. That all of the mutations, in isogenic strains, give rise to almost identical phenotypes would support the hypothesis that they are within the same operon, and preliminary results of cloning experiments (data not presented) also add support. We shall refer to all the mutations described in this paper as belonging to the gerJ locus; however, until the region has been cloned we cannot exclude the possibility that there are in fact two or more loci in this region controlling the properties we have studied.
The delay in acquisition of spore resistances during sporulation for gerJ mutants points to a delay in the synthesis of a spore component involved with such resistances. No obvious defect was detected in 5109 (gerJ.50) in the timing of morphological events, nor in the time at which DPA was first detectable or the levels to which it rose during sporulation. This would indicate that the presence of DPA is not sufficient to account for the spore's heat resistance at temperatures of 70 "C or higher. Imae & Strominger (1976) found that when increasing concentrations of diaminopimelic acid were added to DAP-mutants of B. sphaericus a correlation could be made between cortical content and the acquisition of spore resistances to xylene, octanol and heat (80 "C). The delayed resistance of the gerJ spores (Table 4) may also be attributed to defective cortex synthesis.
It has been suggested (Gould & Dring, 1975 ) that the spore cortex maintains the core in a dehydrated state. If, as we propose, the cortex of gerJ spores is defective it may give rise to heat sensitive spores, because the cortex is unable to keep the core as dehydrated as in Ger+ spores. If this is so, gerJ spores should have a lower density than Ger+ spores. The observed density of gerJ spores (Table 5) on Renografin gradients supports this.
The delayed synthesis of PBP5* (Fig. 3) correlates well with the observed delay in acquisition of spore resistance properties and with the observed time of expression of gerJ (Fig. 4) . That defects in gerJ merely delayed and did not ultimately prevent synthesis of this protein suggests that PBPS* gene expression is under its control. It is a possibility that some of the other phenotypic effects of gerJ, such as the delays in heat and chemical resistance, may be more directly related to the late appearance of PBP5* rather than to an altered gerJ product. If one accepts the argument that PBP5* is one of the proteins involved in synthesis or modification of the cortex (Sowell & Buchanan, 1983; Todd et al., 1983) , then a delay in its action might lead to synthesis of some abnormal cortical material. A partial structural defect in the cortex might account for the altered resistance properties in these mutants. Consistent with this possibility is the observation that those gerJ mutants in which there was a shorter delay in PBP5* synthesis were less defective, and produced spores that were resistant to heating at 80 "C. A true test of this hypothesis must await the complete biochemical characterization of the cortex from the mutant strains.
The absence of the gerJ product clearly alters the timing of sporulation. Thus gerJ probably has a regulatory rather than a structural role. One would expect that thegerJgene product either directly or indirectly activates the gene encoding PBP5* and perhaps other genes too. 
